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Abstract
Sensitivity analysis can be used to identify important model parameters, in particular, normalized sensitivity coefficients; by
allowing a one-on-one comparison. Regarding design of evaporative coolers, the sensitivity analysis shows that all sensitivities
are unaffected by varying the mass flow ratio and that outlet process fluid temperature is the most important factor. In rating
evaporative coolers, effectiveness is found to be most sensitive to the process fluid flow rate. Also, the process fluid outlet
temperature is most sensitive to the process fluid inlet temperature. For evaporative condensers, the normalized sensitivity
coefficient values indicate that the condensing temperature is the most sensitive parameter and that these are not affected by the
value of the mass flow ratio. For evaporative condenser design, it was seen that, for a 53% increase in the inlet relative humidity,
the normalized sensitivity of the surface area increased 1.8 times in value and, for a 15 8C increase in the condenser temperature,
the sensitivity increased by 3.5 times. The performance study of evaporative condensers show that, for a 72% increase in the
inlet relative humidity, the normalized sensitivity coefficient for effectiveness increased 2.4 times and, for a 15 8C increase in
the condenser temperature, it doubled in value.
q 2005 Elsevier Ltd and IIR. All rights reserved.
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Sensitivity analysis is a means to acquire insight about
the importance of model parameters and, in turn, identify
those, which are more responsive. Kitchell et al. [1] further0140-7007/$35.00 q 2005 Elsevier Ltd and IIR. All rights reserved.
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2949.
E-mail address: smzubair@kfupm.edu.sa (S.M. Zubair).explain that sensitivity analysis results are used to identify
the most important model parameters, areas for future
research, and the level of precision required for measuring
system input variables. Masi et al. [2] clarified that, as a
general rule, local methods require less extensive calcu-
lations, and provide a higher level of detail, whereas global
methods may be best for handling large variations in the
system parameters. In general, sensitivity analysis involves
making changes to model rate coefficients singly or inInternational Journal of Refrigeration 29 (2006) 659–668www.elsevier.com/locate/ijrefrig
Nomenclature
A outside surface area of cooling tubes (m2)
Le Lewis number (LeZhc/hDcp,a)
_m mass flow rate of fluid (kg sK1)
mratio water-to-air mass flow rate ratio
ðmratioZ _mw;in= _maÞ
NSC normalized sensitivity coefficient
NTU number of transfer units
NU normalized uncertainty
SA sensitivity analysis
t temperature (8C)
UY uncertainty in parameter Y, units of Y
UXi uncertainty in parameter Xi, units of Xi
w.r.t. with respect to
X nominal value of X, units of X
Xi general input variable
Y response parameter
Y nominal value of Y, units of Y
3 effectiveness
2 represents the perturbation value, units of Xi
Subscripts
a air
ec evaporative condenser
efc evaporative fluid cooler
in inlet
N maximum number of independent variables
out outlet
p process fluid
r refrigerant
wb wet-bulb
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model output [3]. In other words, sensitivities reflect the
change rates (derivatives) of system responses with respect
to design variables [4,5]. It should be noted that the aim of
sensitivity analysis is to allow the comparison, on a common
basis, of the role of different process parameters. The use of
the normalized sensitivity coefficients, in particular, allows
the direct comparison of parameters whose order of
magnitude could be significantly different.
For instance, any independent variable X can be
represented as
XZ XGUX (1)
where X denotes its nominal value and UX its uncertainty
about the nominal value. TheGUX interval is defined as the
band within which the true value of the variable X can be
expected to lie with a certain level of confidence (typically
95%) [6]. In general, if a function Y(X) represents an output
parameter, then the uncertainty in Y due to an uncertainty in
X can be expressed as
UY Z
dY
dX
UX (2)
It is important to note that the uncertainty in a computed
result could be estimated with good accuracy using a root-
sum-square combination of the effects of each of the
individual inputs. For a multivariable function YZY(X1, X2,
X3.,XN), the uncertainty in Y due to uncertainties in the
independent variables is given by the root sum square
product of the individual uncertainties computed to first
order accuracy as [7,8]
UY Z
XN
iZ1
vY
vXi
UXi
 2" #1=2
(3)
Physically, each partial derivative in the above equation
represents the sensitivity of the parameter Y to smallchanges in the independent variable Xi. We note that the
partial derivatives are typically defined as the sensitivity
coefficients.
By normalizing the uncertainties in the response
parameter Y and the various input variables by their
respective nominal values, Eq. (3) can be written as
UY
Y
 
Z
XN
iZ1
vY
Y
Xi
vXi
 
UXi
Xi
  2( )1=2
(4)
The dimensionless terms in braces on the right hand side
of the above equation represent the respective sensitivity
coefficients and uncertainties in their normalized forms and
are, therefore, referred to as normalized sensitivity
coefficients (NSCs) and normalized uncertainties (NUs)
[5]. Eq. (4) can, therefore, be written as
UY
Y
 
Z
XN
iZ1
NSCXi NUXi
 ( )1=2
(5)
Currently, only NSC is of interest to us. On replacing partial
derivatives by ratios of discrete changes, the normalized
sensitivity coefficients can be expressed as
NSCXi Z
DYi
Y
Xi
DXi
 2
(6)
Since the sensitivity coefficients of the various input
variables are normalized relative to the same nominal value
Y , a one-on-one comparison of the coefficients can be made
thereby yielding a good estimate of the sensitivity of the
result to each of the variables. Masi et al. [2] explained that
the practical meaning of the normalized sensitivity
coefficient is to establish how many order of magnitude of
variation should be expected for the analyzed function when
the considered parameter is altered by one order of
magnitude. Obviously, a one order of magnitude alteration
is usually not of practical interest, and it should be viewed
Fig. 1. Block diagram of sensitivity analysis procedure: (a) nominal
values; and (b) perturbed values.
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values.
It is thus important to note that the normalized sensitivity
coefficients are obtained as a significant characteristic
parameter since these coefficients identify the input
variables to which the performance parameters are most
sensitive, irrespective of the uncertainty in the input
variables themselves [9]. Masi et al. [2] stated that the
advantage of applying the sensitivity analysis using
validated models instead of using directly experimental
information is due to the possibility to isolate single answers
to single perturbation of a process parameter. This
performance is hard to obtain experimentally being the
process parameters strictly correlated. Guo and Zhao [10]
showed, through numerical analysis of an indirect evapora-
tive air cooler, that a higher effectiveness is achieved for a
smaller channel width, a lower inlet relative humidity of the
secondary air stream, a higher wettability of the plate and a
higher velocity ratio of the secondary air to the primary air
stream. Zalewski et al. [11], however, attempted the
optimization of the geometrical and operating parameters
of an evaporative fluid cooler to ensure minimum cost using
sensitivity coefficients that were not normalized.
The objective of this paper is to carry out a sensitivity
analysis, employing normalized sensitivity coefficients, for
evaporative coolers and evaporative condensers. In this
regard, the effect of contributing input variables that
influence the sensitivity of the response variables of these
systems are investigated using the mathematical models
based on Dreyer [12]. First, we briefly describe the method
that is used to calculate the normalized sensitivity
coefficients.2. Solution procedure
The engineering equation solver (EES) program was
used to generate the necessary numerical values required to
perform the sensitivity analysis. In this regard, the response
variables for the sensitivity analysis were selected to reflect
the objectives of this paper as well as to their utility in aiding
the interpretation of the sensitivity analysis results. The
analysis can be accomplished by the method of sequential
perturbation, shown schematically in Fig. 1(a) and (b) and
detailed as follows [13]:
† Calculate the result Y from the data ð Xi.N Þ and designate
it as the nominal value Y .
† Increase the value of the ith variable by its interval (UXi)
and calculate the response variable with all others at
their nominal values. Record the value of ith variable as
XiC and the result as YiC. Similarly, calculate YiK at XiK
as a result of decreasing the ith variable by its interval.
† Then let DYiZjYiCKYiKj and similarly DXiZjXiCK
XiKj.† Calculate the required NSC of the ith variable (Xi) by
plugging in the calculated values in Eq. (6).
It is noted that this method is similar to the one proposed
by James et al. [9]. Sensitivity analysis can be applied with
either arbitrarily selected ranges of variation or variations
that represent known ranges of uncertainty [14]. The
perturbation selected was G1 8C (representative) for the
temperatures and 10% (arbitrary) of the original value for
the flow rates.
A numerical example is shown below for a single value
calculated at an inlet wet-bulb temperature of 12.11 8C
(refer to Fig. 2(a)) where the process fluid outlet temperature
is considered as the independent variable (XiZtp,out) and the
response variable is chosen to be the required surface area of
the tubes (YZA). We follow the following steps to get the
sensitivity coefficients:
Step (a): For a process fluid outlet temperature of
42.69 8C, the required surface area is found to be 1.598 m2.
Therefore, tp;outZ42:69 8C and AZ1:598 m
2.
Step (b): When the process fluid outlet temperature is
increased by 1 8C, the resulting area is 1.281 m2. Therefore,
tp,outCZ43.69 8C and ACZ1.281 m
2. Similarly, with tp,
outKZ41.69 8C, the required surface is calculated as AKZ
1.979 m2.
Step (c): Thus, we find that Dtp,outZ2 8C and DAZ
0.698 m2.
Step (d): Substituting all the necessary values in Eq. (6),
we get the NSC value as 87, which is seen as a plotted value
in Fig. 2(a).
It should be noted that the symbolism used in the y-axis
of Figs. 2–11 follows the format NSC (response variable,
Fig. 2. Variation of area NSC as a function of twb,in and different
mass flow rate ratios; (a) with respect to tp,out; (b) with respect
to tp,in; and (c) combined.
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variable that is perturbed.
The limits of the various variables used in the next
section can be seen in Table 1. It should be noted that the
inlet wet bulb temperature (twb,in) and water to air flow ratio
ðmratioZ _mw;in= _maÞ is varied identically in both the evapora-
tive cooler and condenser. The effectiveness of the
evaporative fluid cooler and condenser are defined as the
ratio of actual energy to the maximum possible energy
transfer from the fluid in the tubes and are given by [15]
3efcZ
tp;inKtp;out
tp;inKtwb;in
; 3ecZ
hr;inKhr;out
hr;inKhwb;in
(7)3. Sensitivity analysis—evaporative fluid cooler
The computer model of the evaporative cooler described
in Dreyer [12] and the companion paper [15] is used to carry
out the sensitivity analysis by following the procedure
described above. Initial tests that included various par-
ameters such as all mass flow rates (air, water and process
fluid) and relevant (ambient and process fluid) temperatures
showed that the outlet process fluid temperature (tp,out) and
the inlet process fluid temperature (tp,in) had the largest
comparable values of the normalized sensitivity coefficients
where design is concerned but, in rating, the process fluid
flow rate ð _mpÞ and the inlet process fluid temperature (tp,in)
had the highest comparable values. Therefore, variation in
the sensitivity values of only these coefficients was shown.
3.1. Design study
Fig. 2(a) and (b) are normalized forms of the plots
between (surface) area sensitivity coefficients (vA/vtp,out)
and (vA/vtp,in) versus the inlet wet-bulb temperature (twb,in),
for different values of mass flow rate ratio (mratio). These
figures show that, as the value of the inlet wet bulb
temperature increases, the sensitivities in both cases
increase in a very similar manner. The effect of mass flow
rate ratio is negligible. In the former, as the inlet wet-bulb
temperature (twb,in) increases, the decreasing difference
between the outlet process fluid temperature (tp,out) and theTable 1
A summary table with the numeric limits of various variables
Design Rating
Inlet wet-bulb
temperature (twb,in)
12.11–23.11 12.11–26.11
Outlet process fluid
temperature (tp,out)
43–48 –
Inlet process fluid
temperature (tp,in)
– 40–60
Condensing
temperature (tr)
35–50 35–50
Mass flow rate ratio 0.5, 0.75, 1 0.5, 0.75, 1
Fig. 3. Variation of area NSC as a function of tp,out and different
mass flow rate ratios; (a) with respect to tp,out; (b) with respect
to tp,in; and (c) combined.
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area requirements as well as a higher rate of the change of
the same as the outlet process fluid temperature (tp,out) is
constant. Mass flow rate ratio has a negligible effect as, with
the inlet and outlet process fluid temperatures fixed, it
mainly affects the steady-state water temperature, which
subsequently changes the amount of water evaporated.
Similarly, in Fig. 2(b), the sensitivity increases with an
increase in the inlet wet-bulb temperature (twb,in) with mass
flow rate ratios having a negligible effect. With the inlet
process fluid temperature (tp,in), its perturbation (Dtp,in) as
well as the outlet process fluid temperature (tp,out) constant,
the area as well as resulting changes in area (DA) (due to the
perturbation in the inlet process fluid temperature) increase,
which combine to increase the NSC. It should be kept in
mind that the increase in area and negligible effect of mass
flow rate ratio is due to the same reasons as explained for the
previous figure. Fig. 2(c) combines these NSCs illustrating
their variation with respect to each other and clearly
indicating that the area NSC with respect to process fluid
outlet temperature dominates at all mass flow ratios. It is
also noted that the ratio NSC(A, tp,out)/NSC(A, tp,in) is in the
range of 1.44–1.8.
Fig. 3(a) and (b) are normalized forms of the plots
between (surface) area sensitivity coefficients (vA/vtp,out)
and (vA/vtp,in) versus the process fluid outlet temperature
(tp,out), for different values of mass flow rate ratio. Fig. 3(a)
and (b) show that, as the value of the process fluid outlet
temperature increases, the sensitivities in both cases increase
in a very similar manner with the effect of mass flow rate
ratio being negligible. In Fig. 3(a), as the outlet process fluid
temperature (tp,out) increases, the decreasing difference
between the outlet process fluid temperature (tp,out) and the
inlet process fluid temperature (tp,in) gives rise to smaller
surface area requirements as well as a lower rate of the
change of the same. It was noted that the perturbation (Dtp,in)
is constant and all these factors combine to increase the NSC
where it’s very high final value is due to the very small value
of (tp,inKtp,out). Mass flow rate ratio has a minor effect as it
mainly changes the steady-state water temperature. Fig. 3(b)
is different from Fig. 3(a) in this respect that, both, the inlet
process fluid temperature (tp,in) and its perturbation (Dtp,in),
are constant and these factors combine to increase the NSC
as the process fluid outlet temperature (tp,out) increases
where, again, its very high final value is due to the very small
value of (tp,inKtp,out). Fig. 3(c) shows that the NSCs
increase, in both cases, as the inlet process fluid temperature
(tp,in) increases and reaches a minimum around 43 8C with
the NSC with respect to the outlet process fluid temperature
(tp,out) always higher. Finally, it is also seen that the ratio
NSC(A, tp,out)/NSC(A, tp,in) is in the range of 1.64–1.13.
3.2. Rating study
Fig. 4(a) and (b) are normalized forms of the plots
between effectiveness sensitivity coefficients (v3efc/vtp,in)
Fig. 4. Variation of effectiveness NSC as a function of twb,in and different mass flow rate ratios; (a) with respect to tp,in; (b) with respect to _mp;
(c) combined for mratioZ1.0; and (d) combined for mratioZ0.5.
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(twb,in), for different mass flow rate ratios. These figures
show that, as the inlet wet-bulb temperature decreases, the
sensitivity of the effectiveness with respect to the inlet
process fluid temperature (tp,in) and the process fluid flow
rate ð _mpÞ increases. In the latter case, the NSC is lower for
large mass flow rate ratios but remains virtually unchanged
in case of the former. In Fig. 4(a), as the inlet wet-bulb
temperature (twb,in) increases, the effectiveness increases
due to the decreasing difference between the outlet process
fluid temperature (tp,out) and the inlet wet-bulb temperature
(twb,in) keeping in mind that the surface area is constant.
With the inlet process fluid temperature (tp,in) as well its
perturbation (Dtp,in) constant and the effectiveness increas-
ing with the rising wet-bulb temperature, the combination of
these quantities causes the NSC to decrease. Mass flow rate
ratio has a small effect as most of the effect is compensated
by a change in the steady-state water temperature, whichsubsequently changes the amount of water evaporated. In
Fig. 4(b) as well, the increasing wet-bulb temperature,
increases the effectiveness due to the same reasons as
explained before. With the process fluid flow rate ð _mpÞ as
well its perturbation ðD _mpÞ constant and the effectiveness a
well as the resulting changes in it (D3efc) increasing with the
rising wet-bulb temperature, the combination of these
quantities causes the NSC to decrease. At a comparatively
lower mass flow ratio, effectiveness as well as changes in it
(D3efc) is smaller and, thus, NSC is higher. The lower
effectiveness is due to the higher steady-state water
temperature achieved that causes less heat transfer.
Although this is also true for Fig. 4(a) as well, the effect is
more significant with respect to the process fluid flow rate as
the system is more sensitive to this factor, which is evident
from Fig. 4(c) and (d) where these two NSCs are combined.
Similarly, Fig. 5(a) and (b) are normalized forms of the
plots between effectiveness sensitivity coefficients (v3efc/
Fig. 5. Variation of effectiveness NSC as a function of tp,in and different mass flow rate ratios; (a) with respect to tp,in; (b) with respect to _mp;
(c) combined for mratioZ1.0; and (d) combined for mratioZ0.5.
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temperature (tp,in), for different mass flow rate ratios.
Fig. 5(a) shows that as the inlet process fluid temperature
(tp,in) increases, the NSC with respect to the inlet process
fluid temperature (tp,in) also increases and there is little
effect of mass flow rate ratio. Also, the effectiveness
increases due to the increasing difference between the inlet
process fluid temperature (tp,in) and the outlet process fluid
temperature (tp,out) keeping in mind that the surface area is
constant. Now, with effectiveness (3efc) and the inlet process
fluid temperature (tp,in) increasing and the perturbation of
the latter (Dtp,in) constant, the combination of these
quantities causes the NSC to increase as the process fluid
inlet temperature increases at a much faster rate than the
effectiveness. In Fig. 5(b) as well, the increasing inlet
process fluid temperature increases the effectiveness due to
the same reasons as explained before. The NSC with respect
to the process fluid mass flow rate decreases due to thereasons described earlier for Fig. 4(b). Also, differences
seen in NSC values due to varying mass flow ratios is due to
a similar explanation as mentioned for Fig. 4(b). Fig. 5(c)
and (d) combine these two NSCs to show that thermal
effectiveness is more sensitive to the process fluid flow rate
ð _mpÞ.
Fig. 6 is the normalized form of the plot between process
fluid outlet temperature sensitivity coefficient (vtp,out/vtp,in)
versus the inlet wet-bulb temperature (twb,in), for different
values of mass flow rate ratio. Now, as the inlet wet-bulb
temperature (twb,in) increases, the outlet process fluid
temperature (tp,out) increases due to the decreasing differ-
ence between the inlet process fluid temperature (tp,in) and
the inlet wet-bulb temperature (twb,in) keeping in mind that
the surface area is constant. Thus, with the inlet process fluid
temperature (tp,in) as well as its perturbation (Dtp,in) constant
and changes in the outlet process fluid temperature (Dtp,out)
decreasing with the increasing wet-bulb temperature, the
Fig. 6. Variation of process fluid outlet temperature NSC with
respect to tp,in as a function of twb,in and different mass flow rate
ratios.
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For lower mass flow ratios, the NSC is higher since the
steady-state water temperature is higher in the closed circuit
that causes the outlet process fluid temperature (tp,out) as
well as the changes in it (Dtp,out) to rise.
Similarly, Fig. 7 is the normalized form of the plot
between process fluid outlet temperature sensitivity coeffi-
cient (vtp,out/vtp,in) versus the inlet process fluid temperature,
for different values of mass flow rate ratio. Now, as the inlet
process fluid temperature (tp,in) increases, the outlet process
fluid temperature (tp,out) also increases, as the surface area is
constant. In this regard, the changes in the outlet process
fluid temperature (Dtp,out) decrease as the steady-state water
temperature also rises reducing heat transfer from theFig. 7. Variation of process fluid outlet temperature NSC with
respect to tp,in as a function of tp,in and different mass flow rate
ratios.process fluid. With the perturbation of the inlet process fluid
temperature (Dtp,in) constant, the combination of these
quantities causes the NSC to decrease as the process fluid
inlet temperature (tp,in) increases. For lower mass flow
ratios, the NSC is higher for the reasons as described earlier
for Fig. 6.4. Sensitivity analysis—evaporative condenser
The normalized sensitivity coefficients for the evaporator
condenser model discussed in Dreyer [12] and the
companion paper [15] are calculated and the results are
shown for different mass flow rate ratios. Similar to the
evaporative cooler, a preliminary examination of the
sensitivity of all variables that included all mass flow rates
(air, water and refrigerant) as well as relevant (ambient and
refrigerant) temperatures showed that the refrigerant
temperature (tr) had the highest value for the normalized
sensitivity coefficient for the response variables investi-
gated. Therefore, variation in the sensitivity values of only
this coefficient was shown.4.1. Design study
Fig. 8 is normalized form of the plot between (surface)
area sensitivity coefficient (vA/vtr) versus the inlet wet-bulb
temperature (twb,in), for different values of mass flow rate
ratio. Fig. 8 shows that, as the value of the inlet wet-bulb
temperature (twb,in) increases, the NSC increases. The
condensing temperature (tr) as well as its perturbation
(Dtr) is constant. As the inlet wet-bulb temperature (twb,in)
increases, the decreasing difference between the condensing
temperature (tr) and the inlet wet-bulb temperature (twb,in)
gives rise to larger surface area requirements as well as a
higher rate of changes in area (DA) (refer to Eq. (20) of the
companion paper [15]). We notice, again, that there is little
effect of different mass flow rate ratio on the sensitivity
values. Normalized sensitivity coefficients were also
calculated for perturbations in the inlet wet-bulb tempera-
ture (twb,in) but the values were much less than 1 for the
range investigated, and, thus, it was not shown.
Similarly, Fig. 9 is the normalized form of the plot
between (surface) area sensitivity coefficient (vA/vtr) versus
the condensing temperature (tr), for different values of mass
flow rate ratio. We note that, as the value of the condensing
temperature (tr) increases, the NSC decreases and the effect
of mass flow rate ratios is negligible. As the condensing
temperature (tr) increases, the heat load decreases, which
subsequently requires less surface area and the increasing
value of (trKtwb,in) causes a smaller rate of change in area
(DA) (refer to Eq. (20) of the companion paper [15]) as well.
With the perturbation of the condensing temperature (Dtr)
the same, these factors combine to decrease the NSC as the
condensing temperature (tr) increases.
Fig. 10. Variation of effectiveness NSC with respect to tr as a
function of twb,in for different mass flow rate ratios.
Fig. 8. Variation of area NSC with respect to tr as a function of twb,in
for different mass flow rate ratios.
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Fig. 10 is the normalized form of the plot between
effectiveness sensitivity coefficient (v3ec/vtr) versus the inlet
wet-bulb temperature (twb,in), for different values of mass
flow rate ratio. It shows that, as the inlet wet-bulb
temperature (twb,in) increases, the NSC also increases. The
condensing temperature as well as its perturbation (Dtr) is
constant. As the inlet wet-bulb temperature (twb,in)
increases, the decreasing difference between the condensing
temperature (tr) and the inlet wet-bulb temperature (twb,in)
decreases the effectiveness and it becomes more difficult to
condense the refrigerant but the change of (D3ec) increases.
The effect of mass flow rate ratios is again seen to be
negligible. Normalized sensitivity coefficients were also
calculated for perturbations in the refrigerant flow rate ð _mrÞFig. 9. Variation of area NSC with respect to tr as a function of tr for
different mass flow rate ratios.but the values were near to 1 for the range investigated (not
shown).
Similarly, Fig. 11 is the normalized form of the plot
between effectiveness sensitivity coefficient (v3ec/vtr) versus
the condensing temperature (tr), for different values of mass
flow rate ratio. We note from these plots that, as the
condensing temperature (tr) increases, the NSC decreases.
The perturbation of the condensing temperature (Dtr) is
constant. As the condensing temperature (tr) increases, the
increasing difference between the condensing temperature
(tr) and the inlet wet-bulb temperature (twb,in) increases the
effectiveness as well as the change of (D3ec) and it becomes
easier to condense the refrigerant. The effect of mass flow
rate ratios is found to be negligible. Perturbations in the
refrigerant flow rate ð _mrÞ gave near to unitary values for the
NSC (not shown).Fig. 11. Variation of effectiveness NSC with respect to tr as a
function of tr for different mass flow rate ratios.
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The validated mathematical models of evaporative
coolers and condensers are used to perform a sensitivity
analysis of important response variables. In terms of
designing evaporative coolers, the sensitivities are not
affected by the value of the mass flow ratio. Furthermore,
the surface area (A) is most sensitive to changes in the outlet
process fluid temperature (tp,out) followed by the inlet
process fluid temperature (tp,in). Also, a comparison of the
influence of both parameters on the response variable, in this
case, indicates that it becomes closer to being the same at
lower inlet relative humidities and for values of the outlet
process fluid temperature (tp,out) that are closer to the inlet
process fluid temperature (tp,in). In rating evaporative
coolers, effectiveness is most sensitive to the process fluid
flow rate ð _mpÞ and inlet process fluid temperature (tp,in),
respectively. Also, the process fluid outlet temperature
(tp,out) is most sensitive to the process fluid inlet temperature
(tp,in).
Higher relative humidities at the inlet decrease sensi-
tivity of the response variables investigated. The results are
also indicative of the fact that the selection or changes
regarding the ambient conditions do not reverse the order of
importance with respect to input variables. Regarding
evaporative condensers, the plots show that the sensitivities
are not affected by the value of the mass flow ratio and that
the condensing temperature seems to be the most important
factor in design as well as rating. For evaporative condenser
design, it was seen that for a 53% increase in the inlet
relative humidity, the normalized sensitivity of the response
variable increased 1.8 times and, for a 15 8C increase in the
condenser temperature, the sensitivity increased by 3.5
times. In performance rating of evaporative condenser, it
was noticed that for a 72% increase in the inlet relative
humidity, the normalized sensitivity coefficient increased by
2.4 times and, for a 15 8C increase in the condenser
temperature, the sensitivity doubled.Acknowledgements
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